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Under an inert atmosphere in the lab, we added water, and measured H 2 production with time. H 2 was produced at 0°C in all silicate-water experiments, probably via the reaction of water with mineral surface silica radicals formed during rock comminution. H 2 production increased with increasing temperature or decreasing silicate rock grain size. Sufficient H 2 was produced to support previously measured rates of methanogenesis under a Greenland glacier. We conclude that abiogenic H 2 generation from glacial bedrock comminution could have supported life and biodiversity in subglacial refugia during past extended global glaciations.
Once thought sterile, subglacial habitats are now known to harbour genetically and functionally diverse microbial ecosystems capable of accelerating rock weathering 9 , affecting global carbon cycles 4 , and influencing productivity in adjacent oceans 5 . During extended global Neoproterozoic glaciations, ice sheets may have covered the Earth's continents for millions of years with substantial sectors at the pressure melting point 10 .
It has been proposed that subglacial environments may have acted as refugia for the survival of microorganisms during extensive Neoproterozoic glaciations 6 , helping to preserve the diversity , of prokaryotes and lower order eukaryotes 3, 6 . It is not clear how subglacial ecosystems could be supported over glaciations spanning millions of years, however, since reserves of overridden photosynthetically derived carbon (e.g. soils, vegetation) would become depleted 7, 8 .
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Water-rock chemolithotrophic reactions could provide additional sources of energy to sustain subglacial ecosystems 11 . Abiogenic H2, formed by a variety of water-rock reactions including serpentinization 12, 13 , radiolysis 14 or mineral surface radical reactions 15 , provides an energy substrate for a variety of warm to hot (≥22°C) subsurface environments. No abiogenic H2 generating experiments have, however, focused on temperatures relevant to subglacial environments (0°C to -2.5°C, dependent on overlying ice thickness 1 ). Here we test the hypothesis that abiogenic H2 can be produced from rock-water reactions at 0°C in sufficient quantities to be able to support subglacial microbial activity.
The ability of six silicate rock types samples from glacial catchments (gneiss, quartzite, shale, granite, nepheline-syenite, schist) to generate abiogenic H2 in water-rock reactions were tested. Calcite was used as a non-silicate control. The molar compositions of the starting materials are given in Supplementary Table S1 . The rocks and mineral control were crushed to a range of different surface areas under an inert atmosphere, wetted with water, and the generation of H2 followed over time.
All six silicate rock types produced H2 when crushed and wetted with water at 0°C (Figure 1 ). There was no detectable H2 generation in experiments with calcite (< 2.7 nmol H2 These data provide the first evidence for abiogenic production of H2 at 0°C, i.e. temperatures relevant to subglacial environments. The strong correlation between silica surface area and H2 generation coupled with the detection of surface radicals on the surface of crushed natural silicate rocks is consistent with H2 generation via the reaction of silica surface radicals with 4 water (Equations 1 and 2) 15 , with the free radicals formed through the shearing of surface mineral bonds during subglacial rock comminution. We note that free radicals were not detected in our crushed calcite, consistent with a lack of detectable H2 in these control experiments.
Equation 1
Si  + H2O = SiOH + H
Equation 2 H + H = H2
Silica radical-water reactions have previously been postulated to produce H2 in active fault zones at higher temperatures (25-300°C) (Equations 1 and 2) 15, 16 . The rate of H2 production when crushed rock was added to water decreased after 24 hours ( For all three silicate rocks tested, rates of H2 generation were similar at 0°C and 10°C, but higher at 35°C (Figure 2 ). This temperature dependence may be due to the transformation of more stable SiO radicals to more reactive Si radicals at higher temperatures
15
.
The amount of experimental H2 generated likely underestimated in situ abiogenic H2 subglacial production, for the following reasons. First, the shape of many of the H2 generation curves in Figures 2 and 3 suggest that production may continue for longer than the 120 hour experimental period. Second, it is likely that less stable surface radicals will be lost during and after dry crushing, prior to the addition of water. Third, H2 may be produced by additional water-rock interactions such as serpentinization 12, 13 , although these are untested at subglacially relevant temperatures. Finally, additional H2 could have been released from fluid inclusions 18 during the initial dry crushing stage of our methods.
Our experimental data suggests that the amount of H2 generated from subglacial rock comminution depends primarily on the rate of rock abrasion, the presence of liquid water, and 5 the underlying silicate lithology (Figure 1 We crudely estimated the catchment scale H2 generation by rock comminution for one of our study sites; the 600 km 2 Leverett Glacier, SW Greenland. We first used the regression equation in Figure 1c to calculate the potential H2 that could be generated from silica radicalwater reactions, using the measured mean molar silica surface area of suspended sediment from the catchment (Methods). We then scaled up our calculations using measurements of the annual suspended sediment flux from the glacier , and a diversity of methanogens 8, 25 . Prior studies on subglacial microbial activity have focused on methanogens, due to the importance of methane released to the atmosphere as a greenhouse gas 4, 8 . Our H2 production rate from rock comminution is 10× more than potentially required to support measured rates of methanonogenesis in the upper centimetre of subglacial sediment at Russell Glacier (Table S2) oxygen. At the start of experiments, an initial headspace sample was taken by adding 5 ml of 5.0 grade Ar, and removing a 5 ml sample using a gastight syringe. 3 ml of anoxic water (sparged with Ar for >1 hour) was then added to the vials using a syringe and needle. Samples were shaken gently for 1 minute to ensure mixing of water and crushed material, then 5 ml gas samples removed as before, replacing with 5.0 grade Ar. Samples were then incubated at various temperatures (0°C, 10°C, 35°C), with further gas samples taken at 24, 48 and 120 hours.
Gas samples were analysed on an Agilent 7980A gas chromatograph, using a 1 ml . Gas concentrations were converted to molar concentrations using the ideal gas law, corrected for water dissolution 1 , and normalised to dry sediment mass.
The surface area of materials was measured using a NOVA 1200e BET Analysis System using nitrogen gas as an adsorbant at 77K. The mean, minimum and maximum percentage variation for duplicate measurements were 5.0%, 0.1% and 6.8% respectively.
Grain size was measured on a Malvern Mastersizer 3000, based on laser diffraction, with 5
replicates per sample. The mean, minimum and maximum percentage variation for 5 replicate measurements were 4.4%, 0.3% and 19.2 % respectively (n=30). Elemental composition was quantified using energy dispersive X-ray spectroscopy, using a Zeiss Gemini Sigma VP system fitted with an EDAX Octane Silicon Drift detector. Spectrum analyses were taken at random We first calculate the H2 generated from rock comminution on an annual basis via Equation (S1):
where H2annual is the amount of H2 generated from rock comminution in a year (nmol m from Table S2 , a mean molar silica content of 17.9 % from Table S1 , and using the regression equation from Figure 1c Glacier is immediately adjacent to Leverett Glacier, overrunning similar bedrock and flowing from the same sector of the ice sheet 6 , and hence likely to sustain similar rates of microbial activity. These rates were measured at 1°C using a ratio of 8 ml of water to 2 g of subglacial sediment. First, we assume a 4:1 stoichiometry between H2 consumed and CH4 formed via Equation (S2) to give 0.72 pmol H2 g
We then convert from mass normalised rates (H2mass) to areal rates of potential microbial H2 oxidation (H2ox) by Equation (S3), integrating to a 1 cm sediment thicknesses below the basal ice boundary.
Where  is the density of Leverett subglacial wet sediment (2.0 g cm 
Potential CO 2 and O 2 production from basal ice melt under Leverett Glacier
To estimate the amount of CO2 and O2 available from basal ice melt under Leverett
Glacier we assume a basal ice melt rate of 6 mm yr chromatogram equipped with a flame ionization detector and methanizer was used to assess production of CH4 over the course of the incubation. Helium was used as the carrier gas and a Restek Porapak Q SS (1.8 m) column was used for separation of CH4, using a 1 mL sample loop. Peak areas were integrated using Peak Simple™ software using certified gas standards American Gas Group (Toledo, Ohio).
Phylogenetic Analysis. Archaeal 16S rRNA genes were amplified and sequenced from RG subglacial sediments as a part of our previous study 9 . The phylogenetic position of representative archaeal OTUs (defined at 97% sequence identities) was evaluated by approximate likelihood-ratio tests 10 as implemented in PhyML-aBayes (version 3.0.1)
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The archaeal 16S rRNA gene phylogeny was rooted with 16S rRNA genes from the crenarchaeotes Acidilobus sulfurireducens (EF057391) and Caldisphaera draconis (EF057392). Phylogenies were constructed using the General Time Reversible (GTR) substitution model with a proportion of invariable sites and gamma-distributed rate variation as recommended by jModeltest (ver. 3.8) 12 . Sequences that that comprised lineages denoted as "phylotype I" and "phylotype II" are indicated.
Phylotype Primer Design and Quantitative PCR. RG sediment-associated archaeal 16S
rRNA genes obtained as a part of our previous study 8 were compiled and aligned as previously described 12 . Alignments were used to identify regions of the 16S rRNA gene that demarcated these two phylotypes. Primer Phylo-IF (5'-ACCGATGGCGAAGGCATCCC-3') and Phylo-IIF (5'-ACCTGTGGCGAAGGCGTCTTA-3') were used in conjunction with the archaeal reverse primer 958R (5'-YCCGGCGTTGAMTCCAATT-3') to selectively amplify phylotypes I and II, respectively. Generated amplicons were ~ 250 bp. PCR conditions were the same as previously described with the exception that the annealing temperature for Phylo-IF-958R primer set was 62.7°C and the annealing temperature for Phylo-IF-958R primer set 8 was 61.7°C. Specificity of each primer pair was checked using plasmid DNA containing inserts from the phylotype not targeted for amplification.
Quantitative PCR (qPCR) was used to estimate the number of templates that were affiliated with phylotype I and II in i) sediments used to initiate the microcosms and ii) sediments sampled from microcosms following 494 days of incubation. Sediments were subjected to nucleic acid extraction and quantification as previously described 9 . Methods for qPCR generally followed our previously described methods 13 and used archaeal 16S rRNA plasmids, generated as part of our previously described study 
